INTRODUCTION
It is now widely known that when a soil-water system is frozen a significant portion of the water remains unfrozen in a liquid or semiliquid state. Because of its importance in frost heaving, heat transport, electrical conduction and shock wave transmission, the nature and properties of this unfrozen interfacial water have been a topic of continuing interest in this laboratory.' *' Our investigations have shown that, depending principally on temperature, this water surrounds the soil mineral grains in a zone that ranges in thickness from about 3 to 50 A or more. Down to about ICTC its liquid-like nature is clearly evident from measurements of electrical conduction, ionic diffusion, and electrical and thermal osmosis. Nuclear magnetic resonance spectra make evident its high proton mobility down to temperatures below -50 o C. u but it has not been shown at what temperature it eventually solidifies. To better define this temperature and to delineate fruitful temperature/ pressure fields for more systematic investigations by calorimetric and perhaps dilatometric techniques, we have examined several representative clay-water systems by low temperature differential thermal analysis (DTA).
Differential thermal analysis is a well known technique for locating phase transition temperatures and estimating the associated thermal energies. Recent treatments of the principles of the method and illustrations of its use are those of Barshad* and Smothers and Chiang." Extension of the method to low temperatures is straightforward and involves no new principles. But only two investigations have been found in which minerals of interest in the present context were studied. Kato was the first to examine the hydrated layer lattice silicates by low temperature DTA.
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Depending on the mineral involved, he reported one and in some cases two exotherms in addition to the one associated with normal freezing of the imbibed water. These occurred at temperatures ranging from -15 0 C to -40 o C. Conclusions derived from these findings are discussed later in connection with the results of the present work.
Low temperature DTA has also been used in the study of frozen rocks by Dunn and Hudec. 10 They reported that from 50 to 100% of the water present in their specimens of "sound rock" was frozen at -10 o C and that no further evidence of freezing could be detected down to -20 o C. In three specimens of "unsound rock," less than 50% of the water known to be present could be accounted for by measuring the heat released down to -20 o C. And in eleven of the unsound rocks no evidence whatever of freezing was detected down to ^i0 o C. They concluded that "unsoundness" in many rocks was more directly related to the quantity of unfrozen water present than to the quantity of ice fonned on freezing. They did not observe low temperature exotherms correspondinn to those observed by Kato in the case of the layer lattice silicates.
EXPERIMENTAL PROCEDURE
The clays selected tor investigation included kaolinite from the Dixie Rubber Pit, Bath, South Carolina; halloysite from Wagon Wheel Gap, Colorado; and uni-ionic lithium, sodium, potassium, and calfium derivatives of montmorillonite (Wyoming bentonite). The kaolinite and halloysite days were lightly gromul by mortar and pestle and used without further treatment. Wyoming bentonite was fust dispersed in distilled water and allowed to stand until all particles larger than 1 micron, equivalent spherical diameter as calculated by Stokes' law, had settled out. The remaining suspension was pumped through a hydrogen-saturated and then a hydroxyl-saturated exchange-resin column. Titration of a portion of the effluent suspension at tliis point with NaOH established that exchange was complete and the absence of chloride and sulfate ions (qualitative tests with AgNO, and BaCl 2 ) provided satisfactory evidence that soluble salts had been effectively removed. The suspension was then passed through another cation resin column saturated with the desired ion. Following this treatment the suspension was concentrated by means of a pressure membrane apparatus, and stored until needed.
The DTA cell consisted of a solid stainless steel cylinder 'i in. long and 1.5 in, in diameter. Circular holes Vz in. deep and ' /{> in. in diameter designed to accept the sample and the reference material, respectively, were cut into the ends of this piece. A small hole ' ;" in. in diameter communicating from the outside of the cylinder to the bottom of each sample chamber made it possible to position a No. 30 gauge copper-constantan thermocouple in the center of each chamber. The thermocouples were wired in opposition, providing a direct measurement of the differential temperature, and one of the sample holes was filled with the reference substance.
The suitability as a referonce substance of a number of materials, including ice, was investigated briefly. Aluimua is normally used in high temperature DTA and it was found to be a good reference material at low temperature as well, provided sufficient care was taken to exclude moisture. Howem. in order to avoid any possibility of confusion due to unknown surface effects, it was decided not to use a powder as the reference material. After verifying that baseline drift due to the mismatch in thermal conductivity was manageable. Wood's metal finally was selected as the reference.
The cell was fitted with Va-in.-thick end caps secured with machine screws to confine the sample and reference material during the analyses. Except for the end caps, the cell was wrapped uniformly with niclirome resistance wire so that heat could be supplied in appropriate amounts during the warming portion of each run. After loading, a second copper-constantan thermocouple with its reference junction in an ice bath was led in through one of the end caps and buried in the sample. The leads were connected to a strip chart recorder to provide an accurate measurement of the sample temperature. The output of the differential thermocouple assembly was passed through a d-c amplifier and displayed on a second channel of the strip chart recorder.
Wa'er was added and mixed to bring the samples to desired water contents; several days were allowed for reequilibration before use. Immediately prior to loading, the samples were again mixed. The loaded cell, with the end caps secured, was then suspended over liquid nitrogen in a Dewar flask fitted with a Styrofoam cover. The cell was cooled at a controlled rate by stirring the air inside the Dewar with a variable speed stirrer. Cooling rates of about 2.5 n C/min were normally used. With this apparatus it was possible to obtain excellent data down to -100 o C.
RESULTS AND DISCUSSION
The low temperature DTA curves, adjusted to a Hat base line for the several uni-ionic forms of montmorillonite and for kaolinite and halloysile, are shown in Figure 1 as a function of water content. To illustrate how the curves may be interpreted, consider the one for lithium-montmorillonite (Fig. la) at a water content of 0.598 K ll 2 0/f; clay. As the temperature was lowered at 8.5 0 C/ min, an exotherm was observed at -6"C, continuing to about 10' C, At about 38 C a smaller exotherm can be seen and at about 47 C a third small exotherm appears. Examination of the curves ('orrespondint; to lower sample water (ioiitents shows that the temperature of muleation and the intensity of the first exotherm diminish continually with decreasing temperature. This exotherm corresponds to the heat evolved on initial freezing of the sample. Allowing for about five degrees of undercooling, it can be shown that the lowering of initial nucleation temperature with diminishing water content apparent from the first exotherm in Figure 1 follows the general law of the freezing point depression.
14 The exotherms at lower temperatures seen in these figures, however, do not change significantly with the sample water content (provided only that the sample water content is equal to or higher than that corresponding to a monolayer coverage of the mineral surface). These exotherms rather are related to clay lattice type; this is illustrated in Table I . Note that in Table I the temperature of initial nucleation is omitted to facilitate comparison of the secondary exotherm temperatures. Potassium-montmorillonite is unique among the uni-ionic derivatives of montmorillonite in that it gives three distinct low temperature exotherms. The 2:1 layer lattice minerals give more than one exotherm and are thus distinguished from the 1:1 minerals which give only one. There also seem to be significant differences in the secondary phase transition temperatures among the clay minerals so far examined. Table I also contains the data of Kato. When comparisons are made, discrepancies appeal. In seeking an explanation, it is important to recall that in Kaio's investigation the clays wen» studied at a single, relatively low water content. Each sample was exposed for one week to an atmosphere saturated with water vapor, after wtuch they were removed and placed in the DTA cell for analysis. Immediately before the analysis was begun, about 0.1 g 11,0 g clay was added to the sample but no lime was allowed for equilibration. In the case of the various uni-ionic derivatives of montmorillonite. Kato observed three exotherms: the first at about -1 C (not shown in /. Hulloysite.
Figure I (Cont'd). Low temperature differential thermal analysis curves.
•MMtaM ■*■■■ itmammam Table I ), the second at about -10 o C (except for K-montmorillomte which is reported at -4.5 0 C), and the third at -20 to -28 0 C. He attributed the first exotherm to the freezing of the "mechanically mixed" water that was added immediately before the analysis, the second to the freezing of an "absorbed, liquid-like layer," and the third to changes in the state of the interlamellar water. In the case of kaolinite he observed only one exotherm at about -5 0 C which was attributed to the freezing of "mechanically mixed" water. This is not the only interpretation possible, however. In view of the fact that time was not allowed for equilibration of the added water, the exotherms mi^ht equally well be held to result from successive freezing of separate domains within the sample, each having a different water content, a different interlamellar spacing, and, consequently, different nucleation temperatures. This interpretation is interesting in that it requires the occurrence of independent nucleating events in the domains of differing water content. Two observations may be adduced in support of this interpretation. If one plots the nucleation temperature for the first exotherms shown in Figure 1 versus sample water content, a logarithmic relationship appears which, as mentioned above, is displaced from but corresponds roughly to the law of the freezing point depression. When the temperature of the third exotherm observed by Kate (the second column under Data of Kato in Table I ) for his uni-ionic montmorillonite clays is put on these plots, using the uniform sample water content prevailing before addition of the final increment, the data plot together on the same logarithmic curve. We conclude, therefore, that the temperature of the first exotherm of this study corresponds to Kato's third and, further, that Kato did not observe the secondary low temperature exotherms.
This conclusion is further substantiated by the series of DTA curves given by a mixed Na«Ca montmorillonite (Fig. 2) . The sample was treated in a manner similar to Kato's in that a final increment of water was added immediately before the first cooling curve was taken. Then the sample was warmed and allowed to stand undisturbed for 43 minutes, after which a second cooling curve was taken. After the sample had warmed and stood 9 minutes a third determination was made and so on as illustrated in Figure 2 . Two primary exotherms were observed in the first curve run (t 0 ), one at -12 0 C and one at -16 0 C. In addition to those shown, the two low temperature exotherms were observed as expected at -37° and -46 0 C. Two primary exotherms were observed on the second determination (tp as well, but a noticeable shift toward a somewhat higher nucleation temperature occurred. The two exotherms merge into one in traces ( 2 -t 5 when only short intervals were permitted to elapse between successive determinations. As shown in curves t 6 and t 7 two separate exotherms were obtained after an interval of 22 hours but, as seems to be the trend established in trace t 2 , the first is the smaller of the two.
It has recently been shown that freezing and thawing bring about a dramatic redistribution of water and a reorientation of particles.
9 ' Uni-ionic derivatives of montmorillonite collapse from the relatively aigh d(001) spacings characteristic of the saturating cation and the water content first to about 19A and, as the temperature is lowered further, to about 16A. The 16A d(001) spacing, however, persists unchanged Uom about -10 o C down to liquid nitrogen temperatures. The interlamellar water expelled from between the individual expandable layers migrates out to the external pore space where it adds on to growing ice crystals. However, a portion of the water that corresponds to the 16A d(001) spacing remains in the interlamellar space down to the lowest temperatures. On warming, there is a progressive melting of the ice and a return of water to interlamellar locations.
Although each uni-ionic montmorillonite exhibited distinctive characteristics, this description encompasses the general behavior of all the 2:1 lattice clays studied. Figure 2 , then, is consistent with the existence of domains of different lattice spacings, each having a characteristic ice nucleation temperature because of water being caught in various stages of redistribution within the sample. It is believed that all the exotherms observed by Kato are accounted for by this phenomenon.
-10 o Ttmptroturt.'C Accordingly the small pips on the primary exotherms for lithium-and calcium-montmorillonite at water contents between 30 and 40% ( Fig. la and Id) thus are attributable to the presence of a relatively small number of domains having lattice spacing somewhat larger than that prevailing throughout the bulk of the sample specimen.
A consistent interpretation of the curves shown in Figure 1 and the data of Kato is as follows. All the exotherms observed above -30 o C correspond to water freezing to ice in pores and interstices exterior to the interlamellar space. The temperatures at which the exotherms appear are related to nucleation events which in turn depend upon the state of the water throughout the sample. Whenever domains of differing water content or differing lattice spacings exist, or if there are different exchangeable ion populations, exotherms corresponding to nucleation and freezing in these domains may be observed at characteristic, but so far unpredictable, temperatures in this range. In general, the more intimately the water is associated with the mineral surfaces and its exchangeable ions, the lower is its temperature of nucleation, in accordance with the law of the freezing point depression.
Hie low temperature exotherms no doubt correspond to the solidification of the interfacial water in the frozen clays. In the case of montmorillonite, two types of interfacial water can be differentiated: that bounded on both sides by silicate surfaces in the 6A interlamellar space, and that external to the particle, bounded by a silicate surface on the one hand and by ice on the other. In addition, there is the possibility of grain boundary water in the polycrystalline ice, but for a reason which will become evident this category of water probably does not contribute significantly to these DTA curves. In the case of the two non-expanding minerals kaolinite and halloysite no interlamellar space is accessible to water and only the interfacial water associated with the external mineral surfaces is involved. Only one exotherm was observed in the case of the two non-expanding minerals; but at least two were observed in the case of the expanding minerals. This leads to the conclusion that solidification of the interlamellar water and the interfacial water associated with external surfaces occurs at different temperatures. Water external to the interlamellar space is common to all the min.uals. And since the low temperature exotherm common to all occurs in the temperature range from -35° to ~40 o C, we infer that solidification of the interfacial water occurs first at external particle surfaces where the water is bounded on one side by ice. Solidification of the interlamellar water, according to this interpretation, occurs at -40° to -50 o C.
Potassium-montmorillonite (Fig. ic) yields three low temperature exotherms, two of which, according to the foregoing, must be ascribed to phase changes in the interfacial water external to the interlamellar space. It may be speculated that the two external domains are a consequence of a peculiar stacking or packing geometry since the three exotherms are observed only at water contents above 0.15 g H 2 0/g clay; however, this explanation is far from certain. In interpreting the -low temperature exotherme one ought to bear in mind that the temperature range -30° to -50 o C embraces the eutectic temperature of a wide variety of aqueous salt solutions. The possibility that the partial dehydration of ions and charge centers might in some way be involved in the low temperature exotherms also exists.
In tho case of kaolinite and halloysite at water contents exceeding about 0.15 g H,0/g clay, the low temperature exotherms were not observed. This can be explained as follows: in the apparatus used, the sample size was small (about 5 g) and fixed, so that increasing the water content brought about a concomitant decrease in the amount of clay present. Obviously, this resulted in a smaller total surface area in the sample and, hence, a decrease in quantity of the interfacial water present. At the higher water contents in the kaolinite-water system the total amount of interfacial water present became too small to produce a detectable signal. The specific surface area of montmorillonite is about ten times greater than that of kaolinite or halloysite so that if the above explanation holds one would expect the same effect in montmorillonite only above 1.5 g H,0/g clay. Since this water content was never exceeded, this explains why the low temperature exotherms were observed in the montmorillonite-water systems at the highest water contents examined. Finally, it may be pointed out that the crystallite size of the ice formed in these clay-water systems is large, and hence the grain boundary surface area is small, in comparison with the clay crystallites. Also, the total surface area of the kaolinite and halloysite samples was so small as to yield marginally detectable low temperature exotherms at high water contents. Therefore it is not surprising that phase changes in the grain boundary water of polycrystalline ice, if they occur, were not detected in this investigation.
DERIVATION OP UNFROZEN WATER CONTENTS FROM THESE RESULTS
Determinations of the amount of unfrozen water remaining in frozen earth materials have been accomplished by the dilatometer method,* the calorimetric method," " " an X-ray diffraction method,' and a method derived from heat capacity measurements.' Because the clay-adsorbed water has a density slightly less than that of pure water in bulk,' the dilatometer method yields values for the quantity of unfrozen water that tend to be too high. Likewise, because the computations require the assumption that the specific heat and the latent heat of freezing the clay-adsorbed water are the same as for pure water in bulk, the calorimetric method as usually employed also yields values that are probably too high.
1 ' The X-ray diffraction method is applicable only to mixtures with water of 2:1 expanding lattice clay minerals. Because the method cannot account for the possible existence of unfrozen water outside the interlamellar space, it may underestimate the unfrozen water content. In general, unfrozen water contents for similar samples obtained by the three methods deviate as expected; the higher values result from the dilatometer and calorimeter methods and lower values result from the X-ray diffraction method. Values obtained by the method derived from heat capacity measurements are slightly higher but in good agreement with those resulting from the X-ray diffraction method. For sodium montmorillonite at -5° and -10 n C the values obtained by the specific heat method were 0.4 and 0.3 g H 2 0/g clay, respectively. These data are in good agreement with the data of Nersesova and Tsytovich for the sodium montmorillonite used in their investigations" and are also in accord with an estimate derived from a nuclear magnetic resonance study by Wu."
The data of Figure 1 provide another means of estimating the unfrozen water content of the samples at the temperature of initial nucleation. The first exotherms of Figure 1 result from the freezing of the portion of water (W T -Wj, where W^ is the total sample water content and W^ is the unfrozen water content. First, consider the sample as though it were thermally uncoupled from its surroundings: treezmg liberates the latent heat of fusion L. and causes a rise in sample temperature of
In eq 1, 0 is the sample temperature rise and C is the mean specific heut of the sample. Recall that Figure I contains the relationship between 0 (in arbitrary intensity units) and total sample water content. From eq 1 it is apparent that when 0 0
Thus, to a first approximation, the unfrozen water content is obtained by determining the water content at which 0 for the first exotherm becomes zero. Since eq 1 does not account for all the processes involved in the evolution and disposition of energy within the DTA cell, however, it is well to examine the conclusion of eq 2 somewhat further.
For a DTA sample holder with a sample at temperature T , a total heat capacity of sairiple and its surrounding container of C R , a thermal resistance R between sample and its heat source (or sink) which is at temperature T the conservation of energy requires that
The term on the left of eq 3 Kives the rate of energy release generated by a phase change occurring within the sample ( 
The first term on the right-hand side contains the heat involved in the phase change, if it occurs; the second term represents the baseline shift due to a mismatch of the specific heats of the sample and reference materials and the last term represents the thermal lag in the system. Now when the baseline shift is measured and subtracted from the curves, as was done in preparing Figure 1 , the second term becomes negligible. Furthermore, when 6 is zero, there is no thermal lag and the third term vanishes; this leaves
the same result as given by eq 2. Thus, it is established that determining the water content at which the sample yields no exotherm due to the normal freezing of the imbibed water is equivalent to determining the unfrozen water content W u of the sample in the temperature range -5° to -10 o C, assuming, of course, that V u does not depend sensitively on the total sample water content. This assumption has been justified elsewhere/' * The determination is accomplished conveniently by extrapolating plots of total sample water content versus intensity of the first exotherm of the DTA curves as is done in Figure 3 . The intercepts give the estimates of V u . The results, in percent by weight, are: lithium-montmorillonite, 24.8%; sodium-montmorillonite, 26.3%; potassium-raontmorillonite, 14.3%; calcium-montmorillonite, 25.1%; halloysite, 3.6%; and kaolinite. 2.4%. These values are in excellent agreement with those reported elsewhere for these minerals.
1 "
Further analysis of the exotherms shown in Figure 1 yields additional interesting conclusions. When the areas of the low temperature exotherms are compared to the areas of the exotherms corresponding to the first freezing, it is possible to derive a proportionality constant that relates the cpantities of heat involved. For example, in the case of Na-raontmorillonite at 29.1% and 32.0%, the areas under the first exotherm were measured on the original plots and found to be 2.41 cm 2 and 3.32 cm 1 If, as suggested earlier, the low temperature exotherms correspond to the solidification of the unfrosen interfacial water, it is possible to draw some conclusions regarding the latent heat involved in the phase changes. Taking the unfrozen water contents of Figure 3 and dividing them into the sums of the Magnitude columns of Table II It has been established elsewhere that at water contents comparable to the unfrozen water contents of interest here, the latent heat of freezing the interfacial water in montmorillonite-water mixtures to ice is less than that of pure water by a considerable margin.' In the vicinity of 0 C. the latent heat of freezing begins to depart significantly from that of pure water at a clay water content of 30%. It declines to zero and goes progressively more negative at about 9%, sipnifyinR that about 0.09 g H,0/g clay is already in a thermodynamic state, that is, more stable than ice. 
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LOW-TEMPERATURE PHASES OF INTERFACIAL WATER IN CLAY-WATER SYSTEMS
Working from an illustration of this relationship (Figure 1 of reference 10) it appears that freezing the increment of interfacial water corresponding to a change in W of 2.9% to 9%, if it occurred near 0 C, would be expected to liberate about 5.5 cal. (Data that would permit a similar calculation that would apply at -30 to 50 o C are not available.) The total heat involved in the two low temperature exotherms for sodium montmorillonite is only about 0.36 cal, considerably less than expected even when allowance is made for the expected reduction in the latent heat of freezing the unfrozen interfacial water. Two alternative conclusions are therefore possible: either the latent heat of freezing is less at -30° to -50 o C than that predicted near 0 o C, or the quantity of water undergoing a phase change is smaller than expected.
It might be suggested that the low temperature phase changes do not correspond to a freezing of the interfacial water to ice but to a conversion to another, possibly unknown form. Although the data do not rule out this possibility, there is an observation that argues strongly against it. Whereas all the curves shown in Figure 1 were reproduced many times and repeated freeze-thaw cycles always revealed the low temperature exotherms on cooling, corresponding endotherms were never detected during the warming portion of the cycle. Only the endotherms corresponding to the melting of ice were observed. As indicated earlier 5 and shown in Figure 2 , extensive migration of water from interlamellar and interfacial zones occurs during freezing. The movement of unfrozen interfacial water to growing ice crystals is apparently continual, although the stepwise collapse of montmorillonite , indicates that the water sometimes may be released in bursts, as the temperature is lowered. The process is not reversible on warming, however, because the water having been transformed to the solid state will not melt and be redistributed rapidly until the temperature is raised to about -5 0 C or above. This probably accounts for the failure to observe low temperature endotherms on warming the specimens. The two alternative conclusions offered in the preceding paragraph remain, then, and present evidence is not sufficient to distinguish between them.
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